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Efficiency droop in InSb/AlInSb quantum-well light-emitting diodes
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Efficiency droop in InSb/AlxIn1xSb quantum-well light-emitting diodes has been investigated as
a function of temperature for devices containing 20 nm, 40 nm, and 100 nm wide quantum well
active regions. The amount of droop is greatest at low temperatures in device with the widest wells.
VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4773182]
Efficiency droop in nitride-based light-emitting diodes,
where the efficiency of the devices decreases significantly at
high currents, has been the subject of much investigation
over the last few years, with a continuing debate as to the
origin of this phenomenon. As a result of efficiency droop in
InGaN/GaN quantum well light-emitting-diodes (QWLEDs),
the maximum optical power output is achieved at low pump
currents, typically a few mA.1 This has limited the use of
these LEDs in high current, high output power applications.
Various mechanisms have been suggested as the physical
origin of the efficiency droop including: carrier overflow
from the QW at high forward currents,1–3 Auger and indirect
Auger recombination,4,5 junction heating6 which would
reduce the radiative recombination efficiency, recombination
and escape of carriers via defects,7–9 and carrier localisa-
tion.10,11 However, very little attention has been given to ef-
ficiency droop in LEDs made from different materials. In
this paper, we investigate efficiency droop in a very different
material system; the narrow bandgap InSb/AlInSb system.
This system is attractive for realizing mid-infrared optoelec-
tronic components,12–14 both for use in applications such as
components for non-dispersive infrared gas sensing,15 but
also as a way of exploiting the quantum effects arising from
the very small electron mass.16,17 Although the factors limit-
ing the efficiency of narrow bandgap LEDs have been stud-
ied extensively over the last couple of decades,18 there have
been very few reports and analysis of efficiency droop. For
example, Krier19 and Das and Tobin20 observed efficiency
droop in InAs heterostructure and interband cascade Type II-
superlattice based LEDs, respectively, but only when the
devices were driven with long pulses, suggesting that heating
was the origin of the droop. In this work, we show that effi-
ciency droop in InSb/AlInSb QWLEDs is greatest at low
temperature in devices with the widest quantum wells. This
may be related to the escape of carriers from the wells,
caused by carrier-carrier scattering, allowing them to recom-
bine non-radiatively in the barriers.
The samples studied were grown by molecular-beam
epitaxy on SI GaAs substrates. A schematic diagram of the
QW LED structure is shown in Fig. 1. The InSb QWs were
grown on top of a 3-lm-thick AlxIn1xSb barrier and were
capped with a 120-nm-thick layer of AlxIn1xSb. Tellurium
and beryllium were used to dope the layers n type and p type
to nominal levels of 2 1017 and 5 1018 cm3, respec-
tively. Three QW LED structures were investigated: QW1
had a 20 nm undoped InSb quantum well with a barrier com-
position of x¼ 0.143; QW2 had a 40 nm undoped InSb well
with a barrier composition of x¼ 0.077; and QW3 had a
100 nm undoped InSb well with a barrier composition of
x¼ 0.025. The composition of the barrier layers was deter-
mined by x-ray diffraction measurements. Devices consisted
of 16 elements connected in series yielding a total emitting
area of 1 mm2. More details concerning device structure,
growth, and doping can be found in Ref. 12 and references
therein. The bandstructure of the devices (calculated using
an eight-band kp model) can be found in Ref. 17. The very
small electron effective mass (0.014mo) in InSb, approxi-
mately one fifth that in GaAs, leads to strong quantum con-
finement even in relatively wide quantum wells. For
example, the separation between the first and second electron
subbands in the 100 nm wide wells described here is approxi-
mately 8meV at 15K (under zero net bias), much greater
than kT. Even in these wide wells, the effective confinement
energy (the difference between the lowest electron subband
and the barrier conduction band) also has a value (20meV
at 15K) much greater than kT. At low temperatures, the
properties of all the LEDs are, therefore, dominated by the
quantization in the quantum wells.
Measurements of the emittance as a function of current
were performed with the QWLEDs glued onto standard
ceramic headers and mounted on the cold finger of a closed-
cycle cryostat. Devices were driven under forward bias with
a 1 kHz square waveform (50% duty cycle), at peak injection
currents ranging from 0.5 to 20mA. No evidence of device
heating was found as a result of using a 50% duty cycle drive
waveform. Emitted light from the diodes exited the cryostat
through a 2mm thick CaF2 window, and was collimated
using a ƒ/1.0 CaF2 lens. The light was then directed by a
MgF2 mirror on a flip mount either through a grating spec-
trometer with a 5lm blazed grating, or directly to a cali-
brated detector (either an InSb photovoltaic detector or a
HgCdTe photoconductive detector was used), cooled to
77K. The signal from the detector was then amplified by a
low noise preamplifier, and passed to a lock-in amplifier for
phase sensitive measurement. The collection efficiency of
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the optics was estimated, assuming that the diode was emit-
ting isotropically, to be approximately 6%. In addition, lens
transmission was taken to be 96% with the only losses being
a 2% reflection off each face. Values for gext were estimated
by integrating the calibrated emission spectrum and dividing
by J/q, where J is the current density and q is the charge on
the electron. From this result, gint was calculated by correct-
ing for the large difference in refractive index at the device-
air interface. This is achieved by multiplying gext by
n(nþ 1)2, where n is the refractive index of the active
layer.21
In Figure 2, the measured emittance is plotted as a func-
tion of current, from 25K to room temperature, for the three
quantum well LEDs. The emittance from QW1 at 300K
shows an approximately linear dependence on current over
the full current range. As the temperature is decreased, the
emittance continues to increase with increasing current
although it follows an approximately super-linear depend-
ence below 100K. For QW1, the maximum emittance (Lmax)
is greatest at 25K (the lowest temperature measured) and
5mA (the highest current measured). Device QW2 again
shows an approximately linear dependence on current at
high temperature (295K) although this quickly turns sub-
linear as the temperature is decreased to 195K. On further
decreasing the temperature to 95K, Lmax is no longer at the
highest injection current, which for this measurement is
50mA, and instead occurs at approximately 40mA. At 45K,
Lmax occurs at 35mA and at 25K this reduces to 30mA
where it is approximately 10% greater than the emittance at
50mA. The trend of Lmax occurring at currents lower than
the maximum applied current becomes even more pro-
nounced in QW3. The emittance in this device is sub-linear
at all temperatures and Lmax is at 25mA, 15mA, and 10mA
at 95K, 45K, and 25K, respectively. At 25K, Lmax is
approximately three times greater than the emittance at
50mA at this temperature. The decreasing strength of the
droop with increasing temperature is not consistent with
non-radiative Auger recombination being its dominant
cause.
In Figure 3, the internal quantum efficiency (IQE) is
plotted as a function of current, at 15K, for both QW2 and
QW3, showing the reduction in internal quantum efficiency
at high currents. This efficiency droop was not observed in
either bulk InSb, or AlxIn1xSb LEDs,
18 with compositions
similar to those of the barriers in QW2 and QW2 studied
here (x¼ 0.25 and x¼ 0.875), under the same drive currents.
The absence of the droop in the InSb LEDs, where the
bandgap (240meV at 15K) is comparable to the effective
FIG. 2. Measured light-current characteristics as a function of temperature
for LEDs containing (a) 20 nm wide well (QW1), (b) 40 nm wide well
(QW2), and (c) 100 nm QW3. The lines are a guide to the eye only.
FIG. 1. Schematic cross-section showing the structure of the QW LEDs. L is
the quantum well thickness.
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bandgap (energy difference between the first electron and
hole subbands) in the sample with the widest quantum well,
where the efficiency droop was largest, again suggests that
Auger recombination is not the dominant cause of the droop.
In addition, as mentioned above, even in the sample contain-
ing the widest quantum well, the effective confinement
energy is much greater than kT over the temperature range
in which efficiency droop is exhibited. This suggests that a
simple thermal escape process, which would lead to an
increase in the droop with increasing temperature, is also not
the dominant mechanism. One possible explanation for the
observed efficiency droop in these QW devices is a variant
of the density-activated defect-recombination (DADR) pro-
posed by Hader et al.,9 where in our case carrier-carrier
scattering at high current densities would enable carriers
to escape from the quantum well. This would allow non-
radiative recombination in either the undoped, or highly
doped p and n, AlxIn1xSb barriers. At low temperatures,
Shockley-Read-Hall (SRH) recombination is thought to
dominate recombination in bulk AlxIn1xSb LEDs,
18 possi-
bly related to defects associated with the aluminium.14
At 25K, and at 20mA, the measured IQE measured was
8.4% and 0.2% for bulk LEDs with Al0.025In0.975Sb and
Al0.0875In0.9125Sb active regions, respectively. In these bulk
devices, the doping level in the active region devices
(approximately 1 106 cm3) had been optimized to mini-
mize SRH recombination, and it is, therefore, likely that
SRH recombination will be greater in the barriers of the
QWLEDs described here.
We have previously obtained estimated values of the
effective carrier temperature in the QWLEDs, at low temper-
ature and under net bias, of 105K and 129K for QW2 and
QW3, respectively,17 corresponding to carrier energies of
approximately 10meV. In comparison, the energy difference
between the lowest electron subband and the barrier conduc-
tion band is approximately 20meV and 45meV for QW2
and QW3, respectively (at low temperature under net bias).
Carrier-carrier scattering could, therefore, lead to carriers
escaping from the quantum wells (particularly at low temper-
atures where transitions involving higher subbands contrib-
ute to the overall emission spectrum17). In addition, the
observed temperature dependence of the droop, with the
current at which maximum emission occurs increasing with
increasing temperature, is consistent with the recent analysis
of the temperature dependence of droop in GaN-based
diodes using the DADR model.22
Evidence for recombination in the AlxIn1xSb barriers
can be seen in the emission spectrum of QW3, which is
shown in Figure 4. As the current is increased, a clear
shoulder emerges in the emission spectrum at an energy of
approximately 280meV, which is close to the predicted
bandgap (290 eV) of Al0.025In0.975Sb.
23 Note that the mini-
mum in the measured spectra at around 292meV is due to
CO2 absorption, and the inset of Figure 4 shows the emission
spectrum of QW3, at 20mA, corrected for the CO2 absorp-
tion (the transmission through the CO2 was calculated
assuming a CO2 concentration of 450 ppm, an effective opti-
cal path length of 3.23m, and spectrometer resolution of
50 nm (see Ref. 24). This confirms that this peak is not an
artefact of the CO2 absorption. No clear feature correspond-
ing to recombination in the barrier was observed in the meas-
ured emission spectrum for QW2, but this is probably due to
the very small radiative component of recombination in this
composition of AlxIn1xSb (the IQE for the bulk device with
equivalent composition was 0.02% at 15K).
Measurements of the light-current characteristics of
InSb/AlInSb QWLEDs have been performed as a function of
temperature for devices containing 20 nm, 40 nm, and
100 nm wide quantum wells. At low temperatures, the devi-
ces containing the widest wells exhibit “efficiency droop,”
where the internal quantum efficiency reduces at high cur-
rent. One possible explanation for this observed behavior is a
variant of DADR, where carrier-carrier scattering allows
FIG. 3. Measured internal quantum efficiency plotted as a function current
at 15K for QW2 (40 nm wide well) and QW3 (100 nm wide well). The lines
are a guide to the eye only.
FIG. 4. Measured emission spectrum for QW3 as a function of current at
15K. The inset shows the measured spectrum at 20mA corrected for CO2
absorption.
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carriers to escape the quantum well and to recombine non-
radiatively in the barriers. Further work is required to con-
clusively identify the mechanism of the efficiency droop.
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